Expression of the oncoprotein Qin induces tumors in chickens and oncogenic transformation of chicken embryo fibroblasts in culture. We performed a detailed deletion analysis of the C-terminal region of Qin (amino acids 246-451, extending from the winged helix domain to the C-terminus) and identified amino acids 246-379 as important for transformation. The same region mediates homo-oligomerization of Qin as documented in vitro by GST pulldowns and in vivo by coimmunoprecipitation. A 60 amino-acid region within the oligomerization domain is necessary and sufficient for transcriptional repression induced by Qin.
Introduction
The retroviral oncoprotein Qin (vQin) derives from avian sarcoma virus 31 (ASV31); it induces sarcomas in chickens and transforms chicken embryo fibroblasts (CEF) in cell culture (Li et al., 1997) . The chicken cellular Qin protein (cQin) is the homolog of mammalian brain factor 1 (BF-1, also called FoxG1), a member of the winged helix (WH) family of transcription factors. vQin differs from cQin by several point mutations, by deletions and substitutions and by fusion to viral Gag sequences. None of these mutations is required for oncogenic transformation in cell culture as cQin transforms as well as vQin (Li et al., 1997) .
WH proteins are characterized by a conserved DNAbinding domain of about 100 amino acids. This domain resembles the helix-turn-helix motif, containing three helices and two turns (wings). WH domains generally bind DNA as monomers as seen in the structure of hepatocyte nuclear factor 3b (Clark et al., 1993) , but there are exceptions like E2F4 or regulatory factor X1 (RFX1) that bind DNA as hetero-or homodimers Zheng et al., 1999) . The WH domain of Qin interacts with its specific binding site in DNA as a monomer (R Kriwacki, 2002, personal communication) .
WH proteins can function as oncoproteins in human cancer. In pediatric alveolar rhabdomyosarcomas, a chromosomal translocation fuses the WH protein, forkhead in rhabdomyosarcoma (FKHR) to paired box protein 3 (PAX3) or PAX7, generating PAX proteins with a gain of function (Biegel et al., 1991; Douglass et al., 1991; Whang-Peng et al., 1992; Barr et al., 1993; Galili et al., 1993; Shapiro et al., 1993) . Fusion of the WH protein AFX1 to mixed lineage leukemia protein (MLL, also called ALL-1) is associated with acute lymphoblastic leukemias (McCabe et al., 1992; Corral et al., 1993; Parry et al., 1994; Borkhardt et al., 1997) .
The mammalian BF-1 and the avian Qin are expressed exclusively in the telencephalic neuroepithelium, the nasal half of the retina and the optic stalk of the developing brain (Tao and Lai, 1992; Hatini et al., 1994; Chang et al., 1995; Yuasa et al., 1996) . Targeted disruption of the BF-1 gene causes hypoplasia of the cerebral hemispheres in mouse embryos and leads to death at birth. This phenotype appears to be caused by the premature differentiation of neural progenitor cells (Xuan et al., 1995) . The forebrain of BF-1À/À embryos also displays dorsoventral patterning defects (Xuan et al., 1995) . Ectopic overexpression of BF-1 in posterior neural plate cells of developing Xenopus embryos inhibits neuronal differentiation (Bourguignon et al., 1998) . Aberrant expression of Qin in the retina of the developing chicken embryo disturbs the establishment of orderly point-to-point connections to the optic tectum (Yuasa et al., 1996) .
Qin and BF-1 act as transcriptional repressors in transient transfections. Qin represses promoters containing BF-1 sites, and, to a lesser extent, promoters without BF-1 sites (Li et al., , 1997 Ma et al., 2000) . The region carboxy (C)-terminal of the WH domain is important for repression when fused to a heterologous DNA-binding domain . It was shown recently that a region C-terminal to the WH domain interacts with the corepressor TLE1, and this interaction enhances BF-1-mediated repression (Yao et al., 2001) . BF-1 interferes with transforming growth factor b (TGFb) signals by associating with Smad proteins and repressing TGFb-activated promoters. This activity is independent of DNA binding but requires the Cterminal region (Dou et al., 2000; Rodriguez et al., 2001) .
The domains essential for Qin-induced oncogenic transformation of CEF include the C-terminal region, the WH domain and a small region that maps amino (N)-terminal to the WH domain (Chang et al., 1996) . A Qin mutant with its C-terminal region replaced by the repression domain of Drosophila Engrailed is still able to transform CEF (Li et al., 1997) . A similar fusion protein of Xenopus BF-1 and the Engrailed repression domain phenocopies wild-type BF-1 by inhibiting neuronal differentiation in Xenopus embryos. Surprisingly, fusion of BF-1 to the strong activation domain of E1A also inhibits neuronal differentiation (Bourguignon et al., 1998) .
We performed a deletion analysis of the cQin C-terminal region and defined a domain that is important for transformation. Oligomerization was identified as a new function of the same region. Studies in vitro and in vivo suggest that oligomerization correlates with the oncogenic transformation by Qin. We localized a minimal repression domain to a 60 amino-acid (aa) region directly adjacent to the WH domain.
Results

A deletion analysis of the cQin C-terminal region reveals domains that are important for transformation
The C-terminal region of Qin (starting at the end of the WH domain and extending to the C-terminus) is important for transformation. Deletion of 12 aa from the C-terminal region of vQin significantly reduces transforming efficiency, and a further deletion of another 36 aa completely abolishes transformation of CEF (Chang et al., 1996) . For a more detailed definition of the regions required in oncogenic transformation, we constructed additional C-terminal and internal deletions of cQin and tested them by focus assay in cultures of CEF. cQin effectively induces oncogenic transformation of CEF in culture. An analysis of the cellular version may also be more relevant for understanding the native functions of Qin. The data are shown in Figure 1a . Deletion of the C-terminal 72 aa (construct cQ1-379) does not affect focus formation. This part of cQin is missing in vQin, and is dispensable for transformation. However, a further C-terminal deletion of 40 aa (cQ1-339) significantly reduces the number of transformed cell foci, similar to the deletion of the 48 C-terminal aa from vQin (Chang et al., 1996) . Complete removal of the C-terminal region as in the construct cQ1-245 abolishes transformation. Deletion of aa 246-334, the region directly C-terminal to the WH domain, significantly reduces the number of foci induced. As described in a separate communication, we suggest that this region mediates the interaction with the corepressor TLE1 (Sonderegger and Vogt, 2003, accompanying paper) . Control experiments show that all Qin proteins are expressed at similar levels in CEF (Figure 1b) , eliminating the possibility that protein degradation is the reason for weak focus formation of some mutants. Immunofluorescence assays suggest nuclear localization of all Qin proteins (not shown). In summary, the region extending from aa 246 (the C-terminus of the WH domain) to aa 379 is important for transformation.
Qin homo-oligomerizes in vitro and in vivo through a C-terminal region encompassing aa 246-379 WH proteins can bind to DNA as monomers as shown by the structural analysis of the hepatocyte nuclear factor 3b WH domain bound to its target sequence (Clark et al., 1993) . However, proteins that bind to DNA as monomers can still oligomerize via regions outside the DNA-binding domain. Mindful of these observations, we checked whether the C-terminal region of Qin, which also represses transcription, is able to homo-oligomerize.
We performed in vitro protein-protein interaction assays using bacterially purified GST-cQin or GST and different in vitro translated Qin proteins (Figures 2a  and 3 ). Full-length cQin, aa 1-451, binds to GST-cQin but not to GST. Deletion of the C-terminal 72 aa (cQ1-379) does not reduce binding. In contrast, deletion of the entire region C-terminal to the WH domain (construct cQ1-245) abolishes binding to GST-cQin. The Cterminal regions consisting of aa 243-451, or even the shorter segment of aa 243-379, are sufficient to bind to GST-cQin. This result suggests that the oligomerization domain is located between aa 243 and 379. Smaller Cterminal regions, consisting of aa 243-339 or 335-451, fail to bind. However, larger constructs that have part of the oligomerization domain deleted (cQ1-339, cQD246-334) still mediate binding. An explanation could be that regions outside the main oligomerization domain contribute to efficient oligomerization, stabilizing a possibly weak interaction. These results show that the 137 aa region from residue 243 to 379 directly C-terminal of the WH domain is necessary and sufficient for homooligomerization.
Qin also binds to itself in HEK293 cells (Figures 2b  and 3 ). In agreement with the GST pulldown data, fulllength HA-tagged cQin coimmunoprecipitates with fulllength AU1-tagged cQin and with a cQin deletion mutant that lacks 72 C-terminal aa (cQ1-379), but not with a mutant that is truncated C-terminally of the WH domain (cQ1-245). These results again identify aa 246-379 as required for oligomerization. As in the GST pulldowns, interaction was also detectable with mutants cQ1-339 and cQD246-334. The same transfections and subsequent coimmunoprecipitations were performed in CEF, with qualitatively identical results (not shown). In summary, these assays show oligomerization of cQin. By combining these results, we define the region between aa 243 and 379 as the oligomerization domain (Figure 3 ).
Defining the C-terminal repression domain in cQin
Deletion of the C-terminal region weakens, but does not abolish, the repression activity of a fusion construct that combines Qin with the C-terminus of the Gal4 DNAbinding domain (DBD) . For a more detailed analysis of transcriptional repression, we have used additional C-terminal deletions of cQin. We constructed Gal4 fusions and assayed for repression in HEK293 cells using either a luciferase reporter with Gal4-binding sites or, as control, the same reporter without Gal4-binding sites ( Figure 4a ).
The data show that cQin represses transcription of the Gal4 reporter about 20-fold. The C-terminal region, cQ243-451, induces only an about threefold repression. This result suggests that, in addition to the C-terminal, N-terminal regions contribute to transcriptional repression by Qin. The C-terminal deletions cQ243-379, cQ243-339, cQ243-302 repress transcription as well as the complete C-terminal region (cQ243-451). These data delineate the minimal region that induces significant (more than twofold) repression of a Gal4-dependent promoter as extending from aa 243 to 302.
Further deletion of the N-terminal or C-terminal half of this repression domain, as in cQ243-277 or cQ275-375, completely abolishes transcriptional repression activity. This result suggests that the 60 aa directly adjacent to the C-terminus of the WH domain are necessary and sufficient for transcriptional repression. Surprisingly, C-terminal regions that do not contain the full repression domain activate transcription (constructs cQ275-375, cQ376-451).
We also carried out cotransfections of WH domaincontaining Qin-only constructs and luciferase reporters with or without the Qin-binding sites ( Figure 4b ). As reported previously, cQin represses transcription in these assays (Li et al., 1997) . cQin represses the specific promoter fourfold, which is comparable to similar assays with BF-1 (Yao et al., 2001) . Deletion of the repression domain as in cQD246-334 reduces were transfected into CEF in six-well plates. Cells were overlayed with nutrient agarose, and pictures of stained plates were taken 2.5 weeks later. Numbers were assigned to describe the efficiency of focus formation by the various constructs: '0' corresponds to 'no foci at 1 mg DNA', '1+' to '2-20 foci at 1 mg DNA', '2+' to '2-20 foci at 100 ng DNA', '3+' to '2-20 foci at 10 ng DNA', '4+' to '>20 foci at 10 ng DNA'. (b) Western blot with anti-Qin antibody of whole-cell lysates of CEF stably transfected with indicated RCAS(A) constructs. Equal amounts of protein were loaded. All proteins were expressed at similar levels transcriptional repression to twofold. N-terminal regions might contain additional repression domains that remain active in the absence of the C-terminal repression domain. A weak nonspecific repression, independent of Qin-binding sites in the reporter, occurs as observed before Ma et al., 2000) .
The repression domain also affects the affinity of Qin to DNA. The electrophoretic mobility shift assays of Figure 5 show strong DNA binding by the WH domain alone and by cQin that has the C-terminal region deleted (cQ1-245). Intact cQin binds DNA with lesser affinity. The deletion mutant cQD246-334, which has the repression domain removed, shows increased DNA binding. The results suggest that the repression domain is not only important in inducing transcriptional repression but also modulates affinity for DNA.
Discussion
Qin binds to itself; it oligomerizes in vitro and in vivo. Preliminary data suggest that the number of monomers in these complexes is at least two but not more than four. This is the first evidence for oligomerization of a WH protein through a region outside the WH domain. The literature contains other examples of oncogenic transcriptional regulators that bind DNA as monomers but oligomerize. In the fusion proteins of acute promyelocytic leukemia, promyelocytic leukemia-retinoic acid receptor (PML-RAR) and promyelocytic leukemia zinc-finger-RAR (PLZF-RAR), the PML and PLZF portions mediate oligomerization, and this function is required for increased recruitment of the nuclear receptor corepressor N-CoR, transcriptional repression, and leukemogenic activation of the fusion proteins (Minucci et al., 2000) . In another leukemogenic fusion protein, AML1 (acute myeloid leukemia 1)-ETO (eight-twenty-one), the ETO component induces oligomerization that is required for interaction with the corepressor SMART (silencing mediator for retinoid and thyroid receptors), for transcriptional repression and for inhibition of monocytic differentiation (Zhang et al., 2001) .
Oligomerization of Qin is mediated by a roughly 140 aa long domain located C-terminal of the WH domain. The same region is also required for transformation of CEF. All mutants that induce foci also oligomerize. Deletion of the C-terminal region of Qin abrogates both oligomerization and transformation. Deletions of subregions within the oligomerization domain significantly weaken transformation but leave oligomerization intact. These data suggest that oligomerization of the Qin Cterminal region is necessary but not sufficient for transformation.
Another function of the C-terminal oligomerization domain is transcriptional repression. In reporter assays with Gal4 fusions, the minimal repression domain is the 60 aa region directly adjacent to the WH domain (aa 243-302). Deletion of this repression domain from fulllength cQin significantly weakens repression and oncogenic transformation, suggesting that repression is another function required for transformation. In the mammalian homolog of Qin, BF-1, the corepressor TLE1 binds to a region that corresponds to aa 212-307 in cQin (Yao et al., 2001) . We identified aa 243-302 as the TLE1-binding domain in cQin (Sonderegger and Vogt, 2003, accompanying paper) . This TLE1-binding region is identical to the repression domain. TLE1 might therefore be an important corepressor for Qin. A Qin construct with the C-terminal region replaced by the repression domain of Drosophila Engrailed still transforms CEF (Li et al., 1997) . This part of Engrailed also oligomerizes in a yeast two-hybrid screen (Sonderegger and Vogt, 2001 , unpublished observation), providing another example of congruent repression and oligomerization functions.
The presence of the repression domain in cQin decreases the affinity of the WH domain for DNA. Deletion of the repression domain leads to stronger DNA binding.
It is possible that the interaction of the repression domain with a corepressor, like TLE1, induces structural changes in cQin that affect the affinity for DNA. We do not know whether this effect is required for oncogenic transformation by Qin.
It is not clear whether the cryptic activation domain in the C-terminal region of Qin has physiological relevance. Many random peptides can activate transcription when fused to a DNA-binding domain (Ma and Ptashne, 1987; Lu et al., 2000) , and the C-terminal region of Qin may belong to this category. Alternatively, Qin could function as transcriptional activator as well as repressor. These opposing activities could be regulated by the availability and binding of corepressors and possibly of coactivators to the critical region. There are other examples of transcription factors that can act as activators and repressors (Rao, 2001) . For example, the Groucho/TLE-binding transcription factor Dorsal of Drosophila functions as transcriptional activator or repressor depending on the context of the binding site with which it interacts (Jiang et al., 1993; Kirov et al., 1993) . Figure 6 summarizes the domain structure of the cQin C-terminal region as determined by deletion analysis. The 137 aa abutting the WH domain are required for transformation and oligomerization. The 60 aa directly adjacent to the WH domain are necessary and, in Gal4 fusions, sufficient for transcriptional repression. We speculate that oligomerization and repression are prerequisites of oncogenic transformation but that oligomerization, though necessary, is not sufficient.
Materials and methods
Plasmid construction
To create pBSFI-AU1, an adaptor plasmid with an AU1-tag at the 5 0 -end of its multiple cloning site, a double-stranded sticky-end oligonucleotide with the sequence 5 0 CTAGAATG-GACACCTACAGGTACATCGCCATGG (the start-codon is underlined) was inserted into the XbaI and BamHI sites of pBSFI (Aoki et al., 1998) . Similarly, an oligonucleotide 5 0 CTAGA ATGGCCTACCCATACGATGTTCCAC-ATTACGCTTC (the start-codon is underlined) for Nterminal expression of the HA-tag was inserted into the XbaI and NcoI sites of pBSFI-AU1. All constructs containing the WH domain of cQin and vQin (Accession #L36814 and #L10719) were first cloned into pBSFI-AU1 or pBSFI-HA using BamHI or EcoRI sites at the N-terminus and subsequently transferred into pRCAS(A)-SfiI for focus assays or to pcDNA3-SfiI (Aoki et al., 1998) for transient transfection and in vitro translations. C-terminal and N-terminal deletions were created with PCR cloning. For the internal deletion, the Seamless Cloning Kit (Stratagene) was used. Single aa mutations were introduced with the Quick Change SiteDirected Mutagenesis Kit (Stratagene). For in vitro translation of C-terminal domains of Qin, PCR fragments were inserted into pGBKT7 (Clontech) using EcoRI at the N-terminus. This vector allows in vitro translation of the inserted fragments using the T7 promoter. For expression of fusions to the Cterminus of the Gal4 DBD in mammalian cells, cQin fragments were cloned into pCMVBD (Stratagene) using BamHI or EcoRI at the N-terminus. For the expression of GST-cQin in Escherichia coli, cQin was inserted into the BamHI and EcoRI sites of pGEX2T (Amersham-Pharmacia Biotech). pGL3CMV-LM and pGL3CMV+BF1-LM are based on pGL3-basic (Promega). A 122 bp HindIII/XhoI fragment containing a CMV minimal promoter was inserted upstream of the Luciferase gene. A silent mutation was introduced into the Luciferase coding region to remove a putative Qin-binding site. pGL3CMV+BF1-LM has eight Qin-binding sites upstream of the promoter, inserted between ApaI and EcoRI sites. pGL23CMV-LM, which does not contain a putative Gal4-binding site in the Luciferase coding region, was created by exchanging a 692 bp HindIII/SphI fragment of pGL2-basic (Promega) with the corresponding fragment in pGL3CMV-LM. Five Gal4-binding sites were inserted into the NheI/KpnI sites of pGL23CMV-LM upstream of the CMV promoter to generate pGL23CMV+Gal4-LM. Integrity of all constructs was confirmed with restriction analysis, and sequencing analysis was performed whenever PCR polymerases were used. Plasmid DNA was prepared with Plasmid Midi Kits from Qiagen.
Focus assays
Transfections were performed using the DMSO polybrene method (Kawai and Nishizawa, 1984) . Briefly, primary CEFs were seeded at 5 Â 10 5 cells per well on six-well plates in HAM's F10 (Sigma) containing 10% bovine calf serum and 2 mg/ml polybrene. The next day RCAS-Qin plasmid DNA was added to the cells, and 4 h later cells were shocked with 30% DMSO for 2 min. After 18-24 h, cells were overlayed with nutrient agarose consisting of 57.5% v/v of liquid medium (75% 2 Â HAM's F10, 5% fetal bovine serum, 2% chicken serum, 15% tryptose-phosphate broth, 1.5% l-glutamine/ penicillin/streptomycin solution, 2% DMSO) and 42.5% v/v of 1.5% Sea Plaque Agarose. Cultures were stained 2-3 weeks later with 2% crystal violet in 20% methanol. All other stable transfections were carried out as above and cells were then cultured in cloning medium (HAM's F10 with 10% bovine calf serum, 4% chicken serum, 1% vitamin solution, 1% of 0.08% w/v folic acid solution, 0.8% l-glutamine/penicillin/ streptomycin solution and 0.4% DMSO).
Reporter assays
Human embryonic kidney HEK293 cells were seeded at 8 Â 10 4 cells per well in 24-well plates in Dulbecco's modified Eagle medium containing 10% fetal bovine serum. The next day, transfection was performed according to the manufacturer's instructions using 4 ml polyfect (Qiagen) per well. Each well received 200 ng of reporter vector, 200 ng of expression construct and 2 ng internal control reporter pRLCMV (Promega). Cells were harvested 2 days later in 120 ml Passive Lysis Buffer (Promega). Luciferase activities were determined with the Dual Luciferase Assay Kit (Promega). Firefly luciferase activity was normalized to Renilla luciferase activity. Experiments were done in duplicates and repeated at least twice.
Immunoprecipitation and Western blotting
HEK293 cells were seeded at 2.4 Â 10 6 cells in 100 mm plates. The next day, transfection was performed using 80 ml polyfect, and 4 mg each of two expression constructs. Two days after transfection, cells were washed with phosphate-buffered saline and lysed in 1 ml lysis buffer (3 mm HEPES (pH 7.6), 60 mm KCl, 15 mm NaCl, 50 mm NaF, 10 mm sodium pyrophosphate, 1 mm EDTA, 300 mm sucrose, 0.5% Triton X-100 and protease inhibitor cocktail (Roche)). Cell lysates were precleared with protein-G-sepharose. Protein-G-sepharose was incubated with antibody overnight, washed, and then mixed with precleared cell lysates for 2 h at 41C in the presence of 1 mg/ ml bovine serum albumin. Immunoprecipitates were washed five times with Wash Buffer (25 mm Tris-HCl (pH 7.8), 200 mm NaCl, 2 mm EDTA, 50 mm NaF, 10 mm sodium pyrophosphate, 0.5% Triton X-100) and subjected to SDS-PAGE and Western blotting. After transfer of proteins onto nitrocellulose membranes, proteins were visualized with rabbit polyclonal anti-HA (Santa Cruz), or mouse monoclonal anti-AU1 (Babco) or rabbit polyclonal anti-Qin diluted in phosphate-buffered saline with 0.05% Tween 20 and 5% nonfat dry milk, and horseradish peroxidase-labeled secondary antibodies (Pierce) and chemiluminescent substrate (Pierce).
GST pulldowns
GST or GST-cQin fusion were expressed in E. coli. Cells from 10 ml cultures were suspended in 1 ml STE (10 mm Tris-HCl (pH 8), 150 mm NaCl, 1 mm EDTA) and incubated on ice for 15 min with 1 mg lysozyme. The suspension was brought to 5 mm DTT, 1 Â protease inhibitor cocktail (Roche) and 1% Nlauroylsarcosine. Following sonication the suspension was passed three times through a 22 g needle. Cell debris was removed by centrifugation and Triton X-100 was added at a final concentration of 1%. GST-proteins were bound to glutathione-sepharose during a 1 h incubation at 41C on a rotating wheel. Bound proteins were washed two times with 1 ml K-Mg-Tris buffer (50 mm Tris-HCl (pH 7.5), 50 mm KCl, 20 mm MgCl 2 ), then incubated in 0.5 ml K-Mg-Tris with 5 mm ATP, washed again with 1 ml K-Mg-Tris and resuspended in BB100 (20 mm Tris-HCl (pH 8), 100 mm NaCl, 0.2 mm EDTA, 10% glycerol, 0.1% NP-40, protease inhibitor cocktail). A measure of 5 ml in vitro-translated 35 S-methionine-labeled proteins was precleared with 10 ml glutathione-sepharose and 200 mg bovine serum albumin in 200 ml BB100. The supernatant was then incubated with 1 mg GST-protein bound to glutathione-sepharose for 1 h at 41C on a rotating wheel. Bound proteins were washed five times with 1 ml BB750 (20 mm Tris-HCl (pH 8), 750 mm NaCl, 0.2 mm EDTA, 10% glycerol, 0.5% NP-40) and then subjected to SDS-PAGE and autoradiography.
Electrophoretic mobility shift assays
Circular pcDNA3-SfiI plasmids with inserts coding for Qin proteins were used as templates for in vitro translation in a coupled transcription and translation system (Promega). A measure of 4 ml of protein was then incubated in a 20 ml volume containing 10 mm HEPES (pH 7.6), 2 mm EDTA, 50 mm KCl, 10% glycerol, 1 mm DTT, 2 mg poly(dI)(dC) and 1 ml (50 000 cpm) of DNA probe. The DNA probe was created by annealing DNA oligos followed by Klenow-fill-in in the presence of [a- 32 P]dCTP. The sequence of the final doublestranded probe is 5 0 -TCGAGCTCCAATGTAAACAGA-GCAGGCAG-3 0 . This sequence represents part of the HNF1a promoter and contains the underlined BF-1 binding site (Tao and Lai, 1992) . The relative amounts of proteins were estimated by labeling the proteins in parallel reactions with 35 Smethionine followed by SDS-PAGE and autoradiography.
